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Drosophila Nedd4, a Ubiquitin Ligase, Is
Recruited by Commissureless to Control Cell
Surface Levels of the Roundabout Receptor
sural axons are initially attracted to the cells at the mid-
line en route to their targets on the contralateral side.
Other populations of axons in the CNS do not extend
toward the midline and remain on their own side (Cola-
marino and Tessier-Lavigne, 1995; Klambt et al., 1991).
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target and do not recross.Toronto Ontario, M5G 1X8
In Drosophila, many of the components required forCanada
axon navigation at the midline have been identified
(Tear, 1999). Axons are initially attracted by the Netrin
molecules that are expressed at the midline (Harris etSummary
al., 1996; Mitchell et al., 1996). After reaching the midline,
the commissural axons extend away from these cells,Crossing the midline produces changes in axons such
turn into the longitudinal pathways, and never recrossthat they are no longer attracted to the midline. In
the midline. The extension away from the midline andDrosophila, Roundabout reaches high levels on axons
reluctance to recross is the result of an acquisition ofonce they have crossed the midline, and this prohibits
sensitivity to the repellent protein Slit, which is alsorecrossing. Roundabout protein levels are regulated
expressed at the midline (Kidd et al., 1999). Prior toby Commissureless. We show that Commissureless
crossing, commissural axons have little of the Slit recep-binds to and is regulated by the ubiquitin ligase
tor Roundabout (Robo) on their surface while afterDNedd4. We further show that the ability of Commis-
crossing, they express high levels of Robo (Kidd et al.,sureless to regulate Roundabout protein levels re-
1998a). This expression of Robo protein is regulatedquires an intact DNedd4 binding site and ubiquitin ac-
in part by Commissureless (Comm), a transmembraneceptor sites within the Commissureless protein. The
protein that is expressed at high levels in the midlineability of Commissureless to regulate Robo in the em-
cells and at lower levels in the commissural axons (Kiddbryo also requires a Commissureless/DNedd4 interac-
et al., 1998b; Tear et al., 1996). Comm protein accumu-tion. Our results show that changes in axonal sensitiv-
lates within the commissural axons at the point whereity to external cues during pathfinding across the
they contact the midline cells. These axons require Commmidline makes use of ubiquitin-dependent mecha-
function since in comm mutant animals, no axons cannisms to regulate transmembrane protein levels.
cross the midline (Tear et al., 1996). However, Comm is
only required when Robo is present since a robo;commIntroduction
double mutant exhibits a robo phenotype where too
many axons cross the ventral midline (Seeger et al.,
During the development of the nervous system, neurons
1993). Overexpression of comm in neurons leads to a
extend axons that often travel large distances to reach
decrease in the expression of Robo protein and pheno-
their final target. In many cases, navigation is aided copies the robo phenotype (Kidd et al., 1998b). This
by dividing the axon pathway into smaller segments suggests that Comm’s function during axon guidance
between guidepost cells or intermediate targets that may be via the regulation of the levels of Robo and
lie en route (Stoeckli and Landmesser, 1998; Tessier- perhaps other proteins, resulting in changes in the cell
Lavigne and Goodman, 1996). The midline of the central surface properties of neurons as they approach and
nervous system (CNS) is an example of an intermediate contact the midline cells. A similar role for Comm to
target used by many axons whose subsequent re- remodel the cell surface has also been proposed to
sponses can vary; however, none of these axons recross occur during synaptogenesis (Wolf et al., 1998).
the midline (Bovolenta and Dodd, 1990; Seeger et al., The strategy of using intermediate targets is widely
1993; Tear, 1999). used by axons as they navigate toward their final synap-
Axons reach their targets by responding to signals tic target (O’Connor, 1999; Stoeckli and Landmesser,
that are sensed by the growth cone at the growing tip 1998). However, little is known about how axons adapt
of the axon. The axons recognize each intermediate their responses to environmental cues at an intermedi-
target in turn and must then adapt their responsiveness ate target in order to progress along their pathway. At
to continue along their pathways. In the CNS, commis- the midline, this occurs by the regulation of the levels
of the Robo protein on the axonal surface. To gain a
further insight into how this regulation takes place, we4 Correspondence: guy.tear@kcl.ac.uk
5 These authors contributed equally to this work. have begun to identify the mechanisms by which Comm
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Figure 1. The Intracellular Region of Comm Is Necessary for Its Activity
Stage 15 Drosophila embryos stained with BP102 and oriented anterior up.
(A) In a wild-type embryo, the normal orthogonal pattern of longitudinal (L) and commissural (C) axon tracts are observed within the CNS.
(B) In comm1 mutant embryos, the commissural tracts fail to form.
(C and D) When (C) comm is overexpressed throughout the CNS, a robo phenocopy is observed in which CNS axons misroute across the
midline, causing a thickening of the commissural axon tracts. The intracellular region of Comm is necessary for the production of this
phenocopy since (D) embryos that overexpress CommC, a deletion variant of Comm missing the intracellular region, have a normal CNS.
is able to regulate Robo protein levels. Using a two- been cloned and identified to encode a transmembrane
protein (Tear et al., 1996). Mutant analyses previouslyhybrid approach, we have identified that a binding
partner for Comm is the Drosophila Nedd4 molecule revealed that the intracellular portion of Comm is essen-
tial since a strong comm allele produces a truncated(DNedd4). The Nedd4 molecules are ubiquitin ligases
that target proteins for entry into the ubiquitination path- form that lacks this region and has no function during
axon guidance (Figure 1B) (Tear et al., 1996; Wolf et al.,way. Addition of ubiquitin to proteins can target them for
degradation or endocytosis (Bonifacino and Weissman, 1998).
One role of Comm is to regulate Robo protein levels.1998; Hershko and Ciechanover, 1998; Hicke, 1999,
2001; Rotin et al., 2000). We find that DNedd4 mediates This is most clearly demonstrated when Comm is over-
expressed in all neurons (Kidd et al., 1998b). This resultsthe addition of ubiquitin to Comm and that this activity
is necessary for Comm to move from the cell surface in axons behaving as they do in a robo mutant, where
they are insensitive to the midline repellent Slit and crossinto intracellular vesicles. We further show that DNedd4
activity is necessary for neurally overexpressed Comm the midline multiple times (Figure 1C) (Kidd et al., 1998a).
Overexpression in neurons of a deleted form of Commto downregulate Robo, and increasing DNedd4 levels
enhances the ability of overexpressed Comm to down- (Wolf et al., 1998) that lacks the intracellular region of
the molecule (CommC), however, does not produce aregulate Robo. In addition, we show that RNA interfer-
ence with DNedd4 in the embryo results in errors in axon robo phenocopy (Figure 1D). Thus, the intracellular re-
gion of Comm is necessary for the downregulation ofguidance decisions in the CNS. We suggest that a key
role of Comm is to harness and target the ubiquitination Robo. Comm has also been shown to be necessary for
synaptogenesis at the neuromuscular junction in thepathway in order to regulate the levels of Robo and
perhaps other receptors available at the cell surface of embryo (Wolf et al., 1998). Here, Comm is required to
remove an inhibitor of synaptogenesis from the surfacethe axon as it extends along its pathway.
of the postsynaptic cell, and the intracellular portion of
Comm is also necessary for this activity (Wolf et al.,Results
1998). This process correlates with an endocytosis of
Comm protein. This suggests that Comm’s ability toThe Intracellular Region of Comm Is Necessary
regulate cell surface properties requires an interactionfor Its Activity
with the endocytic machinery and, perhaps, further ef-Comm was identified in a genetic screen for mutations
fector molecules through its intracellular domain.that affect the development of CNS axon pathways in
Drosophila (Seeger et al., 1993). In the wild-type embryo,
the CNS axons are arranged in a stereotypical orthogo- The Intracellular Region of Comm
Binds to DNedd4nal array. The longitudinal connectives extend in the
anterior/posterior axis on either side of the midline, and To identify potential components that mediate Comm ac-
tivity, we used the intracellular region of Comm (CommIC)a pair of commissural tracts within each segment con-
nects the two sides of the CNS (Figure 1A). The comm as bait in a yeast two-hybrid screen. From a large num-
ber of positives, a subset was found to be partial cDNAsmutant has a very dramatic phenotype in which all com-
missural axons fail to cross the CNS midline (Figure 1B). that encode overlapping domains from a single protein
molecule. We isolated additional cDNAs covering thecomm was the only mutation recovered in the screen
with this phenotype, and despite a number of similar entire open reading frame of the protein. A conceptual
translation of the cDNA sequence reveals that this pro-extensive screens having been performed, no other
genes have been identified that give the same pheno- tein has a high degree of sequence identity to vertebrate
Nedd4 (Harvey and Kumar, 1999) (Figure 2A); hence, wetype (Hummel et al., 1999; Vactor et al., 1993). comm has
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of the DNedd4 positives isolated from the yeast two-
hybrid screen contain two WW domains (WW2 and
WW3); these domains are found in a diverse array of
proteins in which they are implicated in protein-protein
interactions (Sudol, 1996). To determine whether the WW2
and WW3 domains within DNedd4 mediate binding to
CommIC, the region of DNedd4 contained in clone 4.8.1
(Figure 2A) was expressed in bacteria as a glutathione-
S-transferase (GST) fusion protein (GST-DNedd4WW2-3).
GST-DNedd4WW2-3 or GST alone was immobilized on
glutathione-sepharose and mixed with in vitro synthe-
sized, radiolabeled CommIC protein. CommIC was
found to bind GST-DNedd4WW2-3, but not GST alone
(Figure 2B). To confirm this interaction and to determine
if either of these WW domains of DNedd4 are able to
bind Comm singly, we performed pull-down assays us-
ing GST fusions for each domain alone. Lysate from
293T cells transfected with a myc-tagged version of
Comm was mixed with glutathione agarose beads con-
jugated to GST-DNedd4WW domain fusions or GST
alone. Both the WW2 and WW3 domains of DNedd4 canFigure 2. Commissureless Binds to Drosophila Nedd4
bind Comm individually (Figure 2C). Constructs encod-(A) Schematic representation of Drosophila Nedd4 (DNedd4).
ing either the second or the third WW domain or no WWDNedd4 encodes a protein with a C2 Ca2-dependent phospholipid
domains (flanking amino acids only) were also used inbinding domain, 3 WW domains, and a C-terminal E3 ubiquitin ligase
domain. The percentage similarity exhibited between each domain the yeast two-hybrid assay. Activation of the reporter
of the rat and the Drosophila proteins is indicated. The relative gene lacZ indicated that there is a preference for the
positions of three of the cDNAs isolated from the yeast two-hybrid second WW domain of DNedd4 to bind CommIC (data
screen are also shown. Each cDNA includes WW domains 2 and 3. not shown).
(B) An affinity column assay confirms that DNedd4 binds CommIC.
WW domains have been demonstrated to bind to pro-The region of DNedd4 contained in clone 4.8.1 was fused to GST
line-rich sequences, and Nedd4-WW domains primarilyto form GST-DNedd4WW2-3. This protein and GST alone were im-
bind PY motifs ([L/P]PXY) (Kanelis et al., 2001; Kasanovmobilized on separate columns, and in vitro translated CommIC was
added to each column. Lane 1 is the input 35S-CommIC. Lane 2 is et al., 2001). CommIC contains two PY motifs: PPCY at
the eluate from the GST-DNedd4WW2-3 column, and lane 3 is the amino acid positions 220–223 and LPSY at amino acid
flow through fraction. Lane 4 is the eluate from the GST column, and positions 229–232 (Figure 3A). To identify whether either
lane 5 is the flow through. CommIC is bound by GST-DNedd4WW2-3
of these motifs were recognized by the DNedd4 WW(lane 2) and not by GST alone (lane 4). The 50 kDa product observed
domains, we produced a series of DNA constructs thatin lanes 1, 3, and 5 represents background labeling of a rabbit
contained either, both, or neither of these proline motifsreticulocyte lysate protein.
(C) WW2 and WW3 from DNedd4 can each bind Comm. Comm-myc within either the amino- or carboxy-terminal halves of
was expressed in 293T cells, and the cell lysate was mixed with CommIC (Figure 3B). In a yeast two-hybrid assay, the
glutathione agarose beads conjugated to GST or GST-fusion pro- partial DNedd4 cDNA 5.10.1 (Figure 2A) bound the LPSY
teins of DNedd4 WW1, WW2, or WW3. Comm-myc was detected motif of Comm, but not the PPCY motif (Figure 3B). This
in the eluate from GST-WW2 and GST-WW3 by immunoblotting with
preference for the LPSY sequence over PPCY was alsoanti-myc. A 1:20 dilution of lysate used in the pull-down is depicted
examined using an in vitro binding assay. Mutants ofto show expression of Comm in these cells. Bottom depicts the
Comm were generated in which key residues in eitherGST-fusion proteins used for the pull-down.
or both of the two DNedd4 binding sequences or a
putative adaptin (AP-2) binding site (YPSL at positions
have named this protein DNedd4. DNedd4 comprises 251–254) were replaced with an alanine. The mutated
1007 amino acids and, like its vertebrate counterpart, Comm proteins were then tested for their ability to bind
contains a C2 Ca2-dependent phospholipid binding do- to the individual DNedd4 WW domains in a GST pull-
main, three WW domains, and a C-terminal E3 hect ubi- down assay. All the Comm proteins that had single
quitin ligase domain (Figure 2A). The E3 enzymes cata- amino-acid changes in either of the PY motifs or the
lyze the transfer of ubiquitin onto specific proteins, adaptin site were still able to bind both the WW2 and
targeting cytosolic proteins for degradation by the pro- WW3 domains from DNedd4 (Figure 3C). Binding was
teasome or membrane proteins for endocytosis (Rotin completely abrogated only when the prolines at posi-
et al., 2000). The Nedd4 molecules are known to be tion 2 in both PY motifs were changed to alanines
important for the regulation of stability of epithelial Na (Comm2PY→AY). These results reveal that there is a
channels at the cell surface, and other members of this preference for DNedd4 to bind the LPSY site in Comm
family include the Smurfs, which play an important role in vivo although it is able to recognize both the LPSY
in regulating BMP signaling (Harvey and Kumar, 1999; and PPCY sites. Preliminary internal fluorescence mea-
Rotin et al., 2000; Zhu et al., 1999). surements indicate Kd values in the very low M range
Since this interaction raises the possibility that Comm for the interaction between the two PY motifs of Comm
may be regulated by or function through this ubiquitin and the second WW domain of DNedd4. In these experi-
ligase, the interaction between CommIC and DNedd4 ments, the LPxY motif shows a slightly higher affinity
(P.H. and D.R., unpublished data). Previous genetic anal-was verified using a series of in vitro binding assays. All
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Figure 3. DNedd4 Is Able to Bind Both PY
Domains in Comm But Prefers LPSY In Vivo
(A) Comm contains two potential WW-inter-
action PY motifs in its intracellular region. The
location of these sites relative to the hy-
drophobic regions (black) of Comm, including
the transmembrane domain (TM) and the
frameshift mutation in comm1 (at I217), are
indicated.
(B) Constructs encoding truncated portions
of the intracellular region of Comm were
tested for their ability to interact with DNedd4
in the yeast two-hybrid assay. The precise
aminoacids included in each construct are as
indicated, together with the inclusion () or
exclusion () of either of the PY motifs. An
ability to interact with DNedd4 is indicated
by the check marks.
(C) Comm Y223, Y232, Y245, P221, and P230
were mutated individually or in pairs (P221,
P230) to alanines, and the GST pull-down was
repeated with DNedd4-WW2 and -WW3. The
wild-type Comm and its mutants were tagged
at the C terminus with a myc tag, as in Figure
2C. Only when the double proline mutations
were introduced was binding to DNedd4 WW
domains completely prevented. Bottom de-
picts the GST-fusion proteins used for the
pull-down assays, and a 1:20 dilution of the
lysates used is shown beside the pull-downs.
ysis has shown that the loss-of-function allele comm1 293T cells, together with active DNedd4 (Figure 4C) and
a proteosome inhibitor (LLnL). This ubiquitination re-encodes a truncated Comm protein that lacks the amino
acids from 217 through to the carboxy terminal (Tear et quires an interaction between Comm and DNedd4, as
Comm is not ubiquitinated either by the endogenousal., 1996). This suggests that the comm1 phenotype may
be in part due to a failure of the interaction between mammalian Nedd4 in 293T cells or by DNedd4(C→A).
Ubiquitination of Comm also does not take place if theComm and DNedd4.
To further demonstrate that Comm and DNedd4 asso- two DNedd4 recognition sites in Comm are mutated
(2PY→AY) to prevent DNedd4 binding. The mutationciate with one another in vivo, we performed coimmuno-
precipitation experiments. S2 cells were cotransfected of the DNedd4 recognition sites in Comm specifically
affects its ability to bind DNedd4, as this form of Commwith cDNAs encoding a Comm-GFP fusion protein and
a catalytically inactive variant of DNedd4 in which the continues to bind Robo (Figure 4D).
Ubiquitination of target proteins identifies those pro-hect domain had been deleted (DNedd4hect) to stabi-
lize any potential interactions. Anti-GFP or an unrelated teins for degradation or transport within the cell. In the
heterologous 293T system, ubiquitination of Comm ap-control antibody was used to immunoprecipitate from
the S2 cell lysate, and the pelleted proteins were immu- pears to target it for degradation. However, Nedd4 and
its yeast ortholog Rsp5p have been shown to targetnoblotted with a polyclonal serum against DNedd4. A
band corresponding to DNedd4hect was observed numerous cell surface proteins for endocytosis (Hicke,
1999; Rotin et al., 2000). As our results demonstrate thatonly from cells immunoprecipitated with anti-GFP (Fig-
ure 4A). Furthermore, using coimmunoprecipitation we Comm is a specific binding partner and substrate of
DNedd4, we investigated the possibility that DNedd4found that Robo and Comm form a stable complex in
S2 cells (Figures 4A and 4D), suggesting they could be may regulate cell surface stability of Comm and its bind-
ing partner Robo.coregulated by DNedd4. Similarly, Comm coimmuno-
precipitates from 293T cells with a catalytically inactive
DNedd4 in which the hect domain active site cysteine Comm Redistributes Robo Protein Away
from the Cell Surfacehas been mutated to alanine, (DNedd4[C→A]) (Figure
4B). However, when cDNAs encoding Comm and active One major role of Comm in vivo is an ability to regulate
Robo protein levels. We therefore examined whetherDNedd4 are cotransfected into 293T cells, the amount of
Comm detected is greatly reduced relative to its amount DNedd4 is necessary for this Comm function. It has
been previously observed that Comm protein is foundwhen coexpressed with DNedd4(C→A) (Figure 4B), sug-
gesting that Comm may be targeted for degradation both in intracellular vesicles, which have been sug-
gested to be early endosomes, or Golgi, and at the cellin these cells. No coimmunoprecipitation was detected
between DNedd4 and Comm2PY→AY, which was stably surface of the cells in which it is expressed (Tear et al.,
1996) (Figure 5A) with the vesicles most apparent inexpressed in the presence of wild-type DNedd4 (Figure
4B). In accord with our binding data, we were able to neuronal cell bodies. The greatest level of Comm ex-
pression occurs at the midline and on the commissuralshow that Comm is ubiquitinated when expressed in
Commissureless Recruits DNedd4
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Figure 4. Comm and DNedd4 Form an Active
Complex In Vivo
(A) A catalytically inactive DNedd4 (DNedd4
hect) was expressed with a CommGFP fu-
sion protein in S2 cells. DNedd4hect was
used in order to stabilize any complex
formed. DNedd4hect is immunoprecipi-
tated by anti-GFP from the S2 cell lysate, but
not by a control anti-gal antibody. Similarly,
Robo coimmunoprecipites with Comm-GFP,
suggesting they also form a stable complex
in S2 cells.
(B) Comm-myc coimmunoprecipitates with a
catalytically inactive Flag-DNedd4(C→A)
from 293T cells, but Comm-myc 2PY→AY
does not. Top, anti-Flag IP immunoblotted
with anti-myc antibodies; middle, cell lysates
blotted with anti-myc (Comm); bottom, cell
lysates blotted with anti-Flag (DNedd4). A
greatly reduced amount of Comm protein can
be detected in 293T cell lysates overexpress-
ing a wild-type form of DNedd4 relative to
those expressing DNedd4(C→A), whereas
Comm-myc 2PY→AY is stably expressed in
the presence of wild-type DNedd4.
(C) Comm is ubiquitinated in the presence
of DNedd4. Top, anti-myc IP immunoblotted
with anti-ubiquitin antibodies; middle, cell ly-
sates blotted with anti-myc (Comm); bottom,
cell lysates blotted with anti-Flag (DNedd4).
Large amounts of higher molecular weight
forms of ubiquitinated Comm protein can be
detected in 293T cell lysates overexpress-
ing a wild-type form of DNedd4 in the pres-
ence of the proteasome inhibitor LLnL,
whereas very little is seen in those express-
ing DNedd4(C→A). The variant Comm-myc
2PY→AY, which does not bind DNedd4, is
not ubiquitinated.
(D) The Comm variants that cannot bind
DNedd4 or are not ubiquitinated still coimmu-
noprecipitate with Robo in S2 cells. Top, anti-
myc IP immunoblotted with anti-HA antibodies; middle, cell lysates blotted with anti-HA (Robo); bottom, cell lysates blotted with anti-myc
(Comm). The Comm mutations studied do not diminish its ability to bind to Robo.
portions of crossing axons. Robo, however, is predomi- bryo (Figure 5C). This internalization of Robo by Comm
is likely to be a prerequisite for the downregulation ofnantly expressed on the cell surface of the longitudinal
portions of CNS axons (Kidd et al., 1998a) (Figure 5B). Robo observed when Comm is overexpressed (Kidd et
al., 1998b). This activity of Comm in S2 cells appears toComm and Robo generally have mutually exclusive ex-
pression patterns; however, the proteins can occasion- be specific to Robo. We have tested whether Comm
can redistribute FasciclinII or Neuroglian and observedally be seen coexpressed within vesicles in the CNS
(Figure 5C). We used a Drosophila S2 in vitro cell assay no changes to the distribution of these proteins when
coexpressed with Comm (data not shown).to directly observe Comm’s action on Robo protein
when the proteins are coexpressed in the same cell.
In the S2 cells, Comm predominantly localizes within Localization of Comm to Intracellular Vesicles
Requires an Interaction with DNedd4intracellular structures (Figures 5D and 5E) with some
protein visible at the cell surface in a small fraction of In the embryo, Comm protein can be found both at
the cell surface and within intracellular vesicles. Thiscells. When Robo is expressed in S2 cells, it inserts into
the plasma membrane as expected for a transmembrane suggests that the Comm protein is trafficked to different
compartments within the cell. Nedd4 molecules aresurface receptor protein (Figures 5F and 5G). However,
coexpression of Comm and Robo in S2 cells together known to be necessary for the internalization of cell
surface proteins, e.g., the epithelial Na channel (Rotincauses a dramatic change to the location of the Robo
protein. Robo is now found to colocalize with Comm et al., 2000). To examine whether internalization of Comm
and subsequently, Robo, is dependent upon an interac-within the intracellular compartments (Figures 5H–5J).
This suggests that Comm is able to remove Robo protein tion with DNedd4, we constructed mutated forms of
Comm that are unable to bind DNedd4 in vivo: Commfrom the cell surface of S2 cells, an activity that closely
mimics the observation that Robo can be found coex- PSY (lacking the LPSY motif), Comm 2PY that lacks
amino acids 220–236 (removing both PY motifs), or apressed in intracellular vesicles with Comm in the em-
Neuron
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Figure 5. Interaction between Commissureless and DNedd4 Is Necessary for Commissureless to Regulate Cell Surface Levels of Roundabout
(A–C) Confocal images of a single neuromere of a stage 14 Drosophila embryo with Comm protein shown in red, and Robo protein shown
in green. When neurons reach and cross the midline, Comm (red) protein accumulates at the midline of the CNS where it reaches its highest
levels within the commissural portion of contralaterally projecting commissural neurons (A); the protein also has a punctate vesicular distribution
within neurons. Robo (green) protein expression is restricted primarily to the cell surface of CNS neurons as they project longitudinally (B).
Robo and Comm are expressed predominantly in a nonoverlapping pattern (C). When Robo and Comm protein are occasionally found
coexpressed within the CNS they are both localized within punctate vesicles (white arrows). In (A), (B), and (C), a rabbit polyclonal antibody
is used to visualize Comm.
(D–P) Confocal images of transfected S2 cells; Here, Comm protein is shown in green and Robo in red. (D and E) When Comm-GFP is
expressed in Drosophila S2 cells, it is predominately localized to intracellular subcompartments as it is in the embryo, while (F and G) Robo
is inserted into the plasma membrane when it is expressed within S2 cells. We used the S2 cells to examine the distribution of the proteins
when they are coexpressed in the same cell. If (H) Comm and (I) Robo are coexpressed in the same cell in vitro (J), the Robo protein now
colocalizes with Comm within the cell. This ability of Comm to localize intracellularly is dependent on an interaction with DNedd4. When a
mutant form of Comm in which both the PY motifs are mutated (thus abrogating DNedd4 binding) is expressed in S2 cells, the majority of
the protein localizes to the cell surface (K). The failure of Comm to now localize intracellularly results in (L) Robo protein remaining at the cell
surface where it is (M) coexpressed with the mutant Comm protein. Intracellular lysines are required for Comm to locate intracellularly. A
mutant form of Comm in which all intracellular lysines are mutated to arginine remains at the cell surface (N). Robo remains at the cell surface
when coexpressed with this CommKR mutant (O and P). In (K)–(P), the Comm proteins were myc-tagged and visualized with anti-myc whereas
in all other panels, Comm-GFP fluorescence was used. Robo protein was visualized using the monoclonal 13C9 or HA-Robo visualized with
anti-HA.
form where the prolines at position 2 in the PY motifs dsRNA and the distribution of the proteins analyzed.
This resulted in less Comm protein being located inter-are mutated to alanine (Comm2PY→AY). When any of
these forms of Comm are expressed in S2 cells, the nally and, thus, a reduction in the internalization of Robo
(Table 1). Hence, the ability of Comm to redistributeprotein is found to have a predominant plasma mem-
brane localization (e.g., Figure 5K) with greater amounts Robo protein requires DNedd4.
To examine whether ubiquitination of Comm may beat the membrane when both motifs are removed. This
suggests that an interaction with DNedd4, which is con- necessary for this process, we replaced all the lysine
residues in the intracellular region of Comm with argininestitutively expressed in S2 cells (data not shown), is
necessary for Comm to localize to the intracellular com- to form CommKR. Since the ubiquitin moiety is attached
to a lysine, this would prevent the ubiquitination ofpartment where it is normally found. When S2 cells ex-
press the mutated forms of Comm together with Robo, Comm. This CommKR protein can still interact with
Robo (Figure 4D) and the WW domains of DNedd4 (datathe Robo protein remains within the plasma membrane
(Figures 5L and 5M). To confirm that DNedd4 within S2 not shown). When CommKR is transfected into S2 cells,
the mutated Comm protein is found at the plasma mem-cells is required for Comm endocytosis and its ability
to relocalize Robo, DNedd4 function was reduced using brane (Figure 5N) as is cotransfected Robo protein (Fig-
ures 5O and 5P).RNA interference (RNAi). Treatment of cells with double-
stranded RNA (dsRNA) generated from a particular gene The failure of Comm 2PY→A (Figure 5M) and Comm
KR (Figure 5P) to redistribute Robo is caused by theirhas been shown to reduce the function of that gene
(Clemens et al., 2000; Kennerdell and Carthew, 1998; inability to bind DNedd4 or to be modified by ubiquitina-
tion and is not due to impaired binding to Robo itselfZamore et al., 2000). S2 cells expressing either Comm-
GFP or Comm-GFP and Robo were treated with DNedd4 since both the mutant forms of Comm coimmunopre-
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Table 1. DNedd4 RNA Interference Affects the Localization of Comm in S2 Cells
Number of Number of Cells with Fraction of Cells with
Experiment Cells Scored Cell Surface Comm Cell Surface Comm Mean
Control 1 100 6 0.06
Control 2 100 12 0.12
Control 3 100 11 0.11 0.10
DNedd4 dsRNA1 100 24 0.24
DNedd4 dsRNA2 103 34 0.33
DNedd4 dsRNA3 100 35 0.35 0.30
The proportion of cells with Comm at the cell membrane following treatment with DNedd4 dsRNA is different from control samples to p 
0.1 (Mann-Whitney test). In double-transfected cells, Robo always colocalizes with Comm, and interference with DNedd4 function reduces
the ability of Comm to internalize Robo. Cell counts taken from three independent experiments. S2 cells were transfected, split after recovery,
and half the cells were treated with DNedd4 dsRNA. Cells that showed staining similar to that shown in Figure 5K were scored as cell surface
Comm, and cells appearing as shown in Figure 2D were scored as not having cell surface expression.
cipitate with Robo in S2 cells (Figure 4D). This suggests 0.0001, Mann-Whitney Test) and a greater reduction of
Robo protein levels (Figure 7C). Some embryos displaythat the internalization of Comm and Comm/Robo is a
DNedd4-mediated, ubiquitination-dependent event. a slit-like phenotype with axons remaining at the midline,
suggesting a possible effect on Robo2 levels. Expres-
sion of the catalytically inactive DNedd4(C→A) in all neu-DNedd4 Activity Is Required for Comm
to Regulate Robo In Vivo rons at the same time as Comm is overexpressed results
in a significantly milder midline-crossing phenotype (Fig-Whole-mount in situ hybridization reveals that DNedd4
is ubiquitously expressed and could therefore play a ure 6G, Table 2; p  0.01, Mann-Whitney Test). In these
embryos, the levels of Robo protein is similar to that inrole in the regulation of axon behavior (data not shown).
We made use of Comm overexpression as a sensitive wild-type embryos (Figure 7D), however, a small amount
of Robo protein is also seen on some commissural ax-assay to evaluate the requirement of DNedd4 to down-
regulate Robo protein in vivo. ons. We do not know if this is stabilized Robo protein
on commissural axons or Robo on the few axons thatIn wild-type stage 16 embryos, three Fasciclin-II-
expressing axon fascicles or bundles can be visualized have been driven to abnormally cross. In either case, it
would appear that this protein is nonfunctional and iswithin the longitudinal axon tracts on either side of the
CNS midline (Figure 6A). Normally, these fascicles ex- likely to be bound by Comm and DNedd4(C→A). Overex-
pression of DNedd4 in all neurons in a wild-type embryotend along an ipsilateral pathway and do not cross the
midline. When Robo function is removed or Comm is does not generate a phenotype, suggesting both that
sufficient levels of DNedd4 is available in the cells ofoverexpressed in the embryo (Figure 6B), the most me-
dial axon fascicle reroutes and can cross the midline the wild-type embryo, and extra DNedd4 does not affect
axon outgrowth (data not shown). Similarly, overexpres-multiple times, often several times per animal (Table 2).
The overexpression of Comm in all neurons phenocop- sion of DNedd4(C→A) in the wild-type embryo does not
affect axon outgrowth, suggesting both that this con-ies the robo phenotype as it is able to downregulate
Robo protein levels in the neurons (Kidd et al., 1998b). struct is not a potent dominant-negative, and its activity
is only apparent in the more sensitive Comm overex-Overexpression of a deleted form of Comm that lacks
the intracellular region (CommC; Wolf et al., 1998) is pression assay. However, if the level of Robo signaling
is reduced in the embryo by removing one copy eachunable to downregulate Robo, and the three fascicles
extend as in the wild-type embryo (Figure 6C). To identify of robo and slit, the embryo becomes more sensitive to
changes in DNedd4 levels. In slit,robo/, the reducedwhether the inability of CommC to regulate Robo is
due to a failure of DNedd4 to bind, we made use of Robo signaling activity results in the occasional axon
crossing the midline (Bashaw et al., 2000) (Figure 6H,the CommPSY or Comm2PY constructs that have
smaller deletions that remove either the LPSY motif or Table 3). Overexpression of DNedd4 in all neurons dra-
matically enhances the slit,robo/, phenotype as weboth the PPCY and LPSY motifs, respectively. Overex-
pression of CommPSY produces a weaker robo phe- see an increased incidence of a stronger phenotype
where axons repeatedly cross the midline in these em-nocopy (Figure 6D, Table 2) with some axons still able
to cross the midline. Overexpression of Comm2PY bryos (Table 3), suggesting that an increase in DNedd4
levels can disrupt Robo signaling when Robo levels indoes not result in a robo phenocopy, suggesting that
an ability to bind DNedd4 is necessary for Comm to the embryo are reduced (Figure 6I).
downregulate Robo (Figure 6E). Further evidence for a
requirement of DNedd4 for Comm to regulate Robo is Interference with DNedd4 Function Affects
Axon Outgrowthprovided by the ability of DNedd4 or catalytically inactive
DNedd4 (DNedd4[C→A]) to enhance or suppress the At present, there are no mutations that disrupt DNedd4
function. To examine whether DNedd4 is necessary foractivity of Comm, respectively. When Comm is overex-
pressed in all neurons at the same time that DNedd4 is axon guidance in the embryo, we reduced DNedd4 func-
tion in the embryo using the technique of RNAi (Kenner-overexpressed, a significantly stronger midline cross-
over phenotype is observed (Figure 6F, Table 2; p  dell and Carthew, 1998). To confirm the fidelity of this
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technique, we used RNAi to remove the function of
Comm and Robo for which loss-of-function phenotypes
have been identified (Kidd et al., 1998a; Seeger et al.,
1993). RNAi for both of these genes produce embryos
with CNS phenotypes that closely resemble the genetic
mutants (data not shown). Despite the widespread ex-
pression pattern of DNedd4 throughout the embryo, em-
bryos injected with DNedd4 dsRNA only show a mutant
CNS phenotype. When DNedd4-dsRNA-treated em-
bryos are examined with MAb BP102 (n  30), we ob-
serve a thickening of the longitudinal tracts at the point
where the axons should turn into the commissures (Fig-
ure 8A) in all embryos; this is suggestive of axons failing
to recognize signals to cross the midline. Coincident
with this, there can be abnormal numbers of axons
crossing the midline in the commissural tracts (15/30
embryos) or interruptions in the longitudinal connectives
(18/30 embryos). Although the phenotype observed
shows some variability, they are similar to those ob-
served when Comm function is partially reduced using
targeted RNAi (Georgiou and Tear, 2002). Examination
of DNedd4-dsRNA-treated embryos with 1D4 (n  10
embryos) reveals an inappropriate pattern of CNS axon
fasciculation (Figure 8B). In each embryo, the normal
pattern of three parallel 1D4 longitudinal axon fascicles
is disrupted as the more lateral 1D4 tracts fasciculate
with more medial tracts. In some segments, the fascicles
merge into a single tract while in other segments, two
tracts are visible. No midline crossing by 1D4-positive
axons is observed in these embryos.
We also examined whether DNedd4 RNAi is able to
suppress the Comm gain-of-function phenotype. Em-
bryos in which Comm was expressed pan-neurally were
injected with Nedd4 dsRNA or buffer. The buffer controls
showed considerable midline crossing (mean cross-
overs per segment  1.1, n  51 segments), whereas
DNedd4 RNAi resulted in a reduction in the midline-
crossing phenotype (mean crossovers per segment 
0.4, n  46 segments). In some cases, there can be
a near-complete suppression of the midline-crossing
phenotype (Figure 8C).
Interestingly, the reduction of DNedd4 function in the
wild-type embryo using RNAi produces a phenotype
that does not phenocopy comm. This suggests that
although the overexpression assay can reveal a require-
ment of DNedd4 for Comm activity, DNedd4 is not the
Figure 6. DNedd4 Is Required for Comm to Downregulate Robo in only component able to effect Comm action in the nor-
the Embryonic CNS mal embryo. However, the presence of a DNedd4 loss-
The axon tracts of the CNS are visualized with Mab 1D4 immunocy- of-function phenotype in the CNS does suggest that
tochemistry. DNedd4 regulates other molecules in addition to Comm
(A) In the wild-type embryo, three 1D4-positive axon fascicles are
and that the final phenotype is dependent upon thevisible on either side of the midline.
extent to which the normal expression of these mole-(B–E) Overexpression (B) of a single copy of Comm in all neurons
cules is disrupted.causes axons of the medial fascicle to ectopically cross the midline
numerous times. Overexpression of CommC (C) that lacks the
cytoplasmic domain of Comm fails to produce ectopic midline Discussion
crossovers. Overexpression of Comm variants that are deleted for
the (D) LPSY or (E) LPSY and PPCY domains recognized by DNedd4
The correctly regulated surface expression of axon guid-result in a slight or severe reduction of the protein’s ability to cause
ance receptors along the length of an axon is necessaryaberrant midline crossing.
(F and G) Overexpression (F) of one copy of DNedd4 with Comm
enhances the midline phenotype. This is dependent upon a functional
ubiquitin ligase domain within DNedd4 since (G) overexpression of occur. An increase in DNedd4 activity in this background by (I)
DNedd4(C→A) suppresses the Comm overexpression phenotype. overexpression of two copies of DNedd4 enhances this phenotype,
(H and I) In (H) slit,robo double heterozygous embryos, Robo signal- suggesting it has a role in regulating Robo activity. This phenotypic
ing is reduced, and occasional ectopic midline crossovers can data is quantified in Tables 2 and 3.
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Table 2. DNedd4 Is Required for Comm’s Gain-of-Function Phenotype
Segments Defects/ Defects/
Genotype n Scored Defects Animal Segment
UAS-Comm/elavGal4 19 182 216 11.4 1.19
UAS-CommC/;elavGal4/ 18 176 0 0 0
UAS-CommPSY/elavGal4 20 196 189 9.5 0.96
UAS-Comm2PY/elavGal4 24 236 1 0.004 0
UAS-Nedd4/;UAS-Comm/elavGal4 17 164 280 16.5 1.711
UAS-Nedd4(C→A)/;UAS-Comm/elavGal4 19 187 178 9.4 0.952
Defects correspond to 1D4-positive axon tracts crossing the midline. Each 1D4 axon was followed and the number of times it crossed the
midline was counted. Axons that remain at the midline count as a single crossing. The number of crossings was totaled for each animal and
is presented as defects per animal or defects per segment. Mann-Whitney tests were performed on the data as the animals are not matched
pairs, and the data does not follow a normal distribution (Siegel and Castellan, Jr., 1988).
1 This value for UAS-DNedd4, UASComm, elavGAL4 is significantly different to that for the UASComm, elavGal4 embryos with a probability
of p  0.0001.
2 This value for UAS-DNedd4 (C→A), UASComm, elavGAL4 is significantly different to that for the UASComm, elavGAL4 embryos with a
probability of p  0.01.
for its appropriate migration. In rat, the cell adhesion further processing of these target proteins (Bonifacino
and Weissman, 1998; Harvey and Kumar, 1999; Hershkomolecules TAG-1 and L1 are expressed on commissural
axons prior or subsequent to crossing the midline re- and Ciechanover, 1998; Hicke, 1999). One major role
for the Nedd4 ubiquitin ligases is to target membranespectively (Dodd et al., 1988). In Drosophila, the surface
levels of both Robo and Derailed are downregulated proteins for internalization into the cell (Rotin et al.,
2000). Here, we suggest that DNedd4 activity is neces-either during or after crossing the midline (Bonkowsky
et al., 1999; Kidd et al., 1998a). Mutations in or misex- sary for Comm to be internalized, and Comm acts as
an adaptor-like protein that can cotarget Robo for inter-pression of derailed or robo result in axons making in-
correct pathway choices (Bonkowsky et al., 1999; Kidd nalization. In this way, Comm acts to regulate Robo
receptor levels on the cell surface.et al., 1999; Seeger et al., 1993), suggesting that the
correct surface levels of guidance proteins is necessary
for normal CNS development. Changes in the levels of DNedd4 Binds to and Ubiquitinates Comm
The intracellular domain of the transmembrane CommRobo are also suggested to play an important part in
switching commissural axon behavior at the midline of protein is necessary for its function to downregulate
Robo in the CNS and to endocytose putative synapto-the vertebrate CNS (Stein and Tessier-Lavigne, 2001).
Comm is able to act on Drosophila CNS axons to regu- genesis inhibitors on muscles (Kidd et al., 1998b; Wolf
et al., 1998). We have identified the DNedd4 ubiquitinlate Robo protein levels on their cell surface (Kidd et
al., 1998b). Previous data has also indicated that Comm ligase as a specific Comm intracellular domain binding
protein. DNedd4 binds to Comm through two of its threemay play a role to endocytose surface proteins into the
cell (Wolf et al., 1998). Here, we have shown that Comm’s WW domains, which recognize either of two PY motifs
(PPCY or LPSY) in the intracellular domain of Comm.ability to regulate Robo requires the intracellular region
of Comm and is dependent on its interaction with This identifies the PPCYTIATGLPSYDEA region of
Comm as a key functional motif within the molecule.DNedd4, an E3 ubiquitin ligase. E3 enzymes function in
a multistep process with E1 and E2 enzymes for the Interestingly, this region is also highly conserved in two
other Comm homologs in the fly genome and severaltransfer of ubiquitin to target proteins (Hershko and Cie-
chanover, 1998). The E3 proteins usually recognize tar- vertebrate ESTs (A.M. and G.T., unpublished data).
Comm is ubiquitinated when coexpressed withget proteins to which ubiquitin is added. Ubiquitination
of a protein results in the degradation, endocytosis, or DNedd4. In Drosophila cells, DNedd4 acts to internalize
Figure 7. DNedd4 Enhances the Ability of
Overexpressed Comm to Downregulate Robo
(A) In the wild-type embryo, Robo protein is
found on CNS axons as they project within
the longitudinal tracts.
(B) Overexpression of Comm throughout the
CNS causes the downregulation of Robo pro-
tein levels, thus allowing axons to cross the
midline (n  18 embryos).
(C) When DNedd4 levels are increased along-
side Comm, Robo protein levels are further
downregulated than when Comm is overex-
pressed alone (n  21).
(D) When DNedd4 (C→A) is overexpressed
with Comm, Robo protein levels return to that observed in the wild-type embryo (n  10). A small amount of Robo is also observable on the
commissures, suggesting that here Robo is stabilized beyond that seen in wild-type. In these embryos, neurons still ectopically cross the
midline, suggesting that this stable protein is not fully functional. All embryos were similarly treated and imaged identically.
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Table 3. Overexpression of DNedd4 Reduces Roundabout Signaling
Phenotypic Classes1
Animals Class I Class II Class III
Genotype Scored (Wild-Type) (Mild robo) (Moderate robo)
slit1,robo5/;elavGal4/ 26 24 2 0
(92.3%) (7.7%)
slit1,robo5/UASNedd4;elavGal4/UASNedd4 25 9 8 8
or balancer2 (36%) (32%) (32%)
1 The data were grouped into three phenotypic classes according to Bashaw et al. (2000): Class I (wild type), animals with 0–2 ectopic Fas II
bundles crossing the midline; Class II (mild robo), animals with 3–4 ectopic bundles crossing the midline; Class III (moderate robo), animals
with 5 ectopic bundles crossing the midline.
2 The progeny from this cross are a mixture of slit1,robo5/UASNedd4;elavGal4/UASNedd4 and slit1,robo5/UASNedd4;elavGal4/balancer
Comm within the cell; this activity requires Comm’s in- cells and commissural axons. This distribution is sug-
gestive of a protein that can move between differenttracellular lysines and a functional ubiquitin ligase do-
main within DNedd4, suggesting it is an ubiquitination- locations in the cell. Robo, however, is expressed on
the surface of longitudinal axons. Comm can regulatedependent event. In addition to being able to bind
DNedd4, Comm also binds Robo when they are coex- Robo protein levels, and the proteins are occasionally
coexpressed in the same cell in the embryo when thepressed. This raises the possibility that DNedd4 may
target the Comm/Robo complex for internalization or Robo protein is found within intracellular vesicles with
Comm. Thus, Comm may internalize Robo as part ofdegradation in the embryo. Comm’s ability to interact
with Robo and DNedd4 suggests a possible function as its regulation of Robo. When Comm is expressed in
Drosophila S2 cells, the protein displays a similar distri-an adaptor protein that links Robo into the ubiquitination
pathway. Currently, it is not known whether Robo itself bution to that seen in the embryos with the majority of
the protein within intracellular vesicles. Robo, as ex-is targeted for ubiquitination by DNedd4. Although we
were unable to detect ubiquitination of Robo in S2 cells, pected, is expressed on the cell surface when expressed
alone in S2 cells. However, when Comm and Robo arethis may reflect detection limits rather than real lack of
ubiquitination. Nevertheless, it has been recently ob- expressed together in S2 cells, the Robo protein is no
longer found at the cell surface but is now colocalizedserved that Rsp5p, a yeast homolog of Nedd4, can inter-
nalize the plasma membrane 	-factor receptor protein with Comm within intracellular vesicles within the cell.
Thus, Comm is able to change the site of Robo localiza-without addition of ubiquitin to the target protein. In-
stead, other components of the endocytic machinery are tion within the cell. This ability correlates with the obser-
vation in the embryo that overexpression of Comm re-proposed to be ubiquitinated (Dunn and Hicke, 2001).
Similarly, the growth hormone receptor is internalized sults in the reduction of Robo protein at the cell surface.
Here, we show that the normal intracellular distributionby an ubiquitin-dependent event that does not involve
ubiquitination of the receptor but may involve another of Comm requires an interaction with DNedd4. Removal
or disruption of either the DNedd4 binding sites or theregulatory protein that is itself ubiquitinated (Govers et
al., 1999). intracellular lysines in Comm or the reduction of DNedd4
levels in S2 cells results in Comm accumulating at the
cell surface. Comm is no longer brought into the cellThe Comm-DNedd4 Interaction Is Necessary
for Comm and Robo Protein Distribution and is unable to remove coexpressed Robo from the
cell surface. Thus, DNedd4 is a key cofactor that allowsWithin the embryo, Comm protein is located both at the
cell surface and within intracellular vesicles in midline Comm to harness the ubiquitination pathway to target
Figure 8. DNedd4 Function Is Necessary for
Axon Tract Formation in the Drosophila
Embryo
DNedd4 function was disrupted by the injec-
tion of double-stranded RNA (dsRNA) and the
CNS axon tracts revealed with (A–C) MAb
BP102 (A) or (B and C) MAb 1D4. In (A), treat-
ing a wild-type embryo with DNedd4 dsRNA
causes a thickening of axon bundles at the
region where the commissures meet the lon-
gitudinals with concomitant but variable de-
fects in the commissures and interruptions
in the longitudinals. Compare with wild-type
embryo in Figure 1A. In (B), RNA interference
with DNedd4 does not cause the 1D4 positive
longitudinal axons to cross the midline. These
axons display an inappropriate pattern of fas-
ciculation with the more lateral tracts fusing
with those located more medially. Compare with the wild-type pattern in Figure 6A. In (C), injection of DNedd4 dsRNA into Comm gain-of-
function embryos suppresses the midline-crossing phenotype and causes a fusion of longitudinal fascicles.
Commissureless Recruits DNedd4
457
its removal from the cell surface together with other on neuronal membranes where it can bind Robo and
possibly interfere with Robo function to produce a partialmembrane receptors it may bind. Thus far, Robo is the
only surface marker known to be regulated by Comm, robo-like phenotype. We find that RNA interference with
DNedd4 gives rise to a phenotype where axons stall atbut it is possible that the ubiquitination pathway may
function to modify cell surface levels of further axon the junction of the longitudinal and commissural axon
tracts, resulting in thinner longitudinal and commissuralguidance receptor proteins. Recent data from in vitro
work also suggests that the ubiquitination pathway has axon tracts (i.e., neither a comm nor robo phenocopy).
This phenotype suggests that DNedd4 may also regulatea significant role in aiding guidance of axons (Campbell
and Holt, 2001). the cell surface levels of other axon guidance molecules.
Additionally, DNedd4 may also affect neuronal fate deci-
sions since a close homolog, Su(dx), acts as a regulatorDNedd4 Is Necessary for Comm to Downregulate
of Notch signaling (Cornell et al., 1999). The isolation ofRobo in the Embryo
DNedd4 loss-of-function mutations will aid full evalua-To test whether DNedd4 has an important role in Comm
tion of the exact roles of DNedd4 in the embryo.function, we used neural overexpression of Comm as a
Ubiquitin-dependent regulation of protein levels hassensitive assay. Overexpression of a single copy of
been shown to influence a growing number of signalingcomm within all CNS neurons results in the downregula-
pathways (Aberle et al., 1997; Cornell et al., 1999; Harveytion of Robo in these cells and the production of a robo
and Kumar, 1999; Rotin et al., 2000; Zhu et al., 1999),phenocopy where axons recross the midline. When the
and mutational and biochemical studies have implicatedlevel of overexpressed Comm is increased, the pheno-
members of the ubiquitination system as regulators oftype becomes more severe and many axons remain at
the development of neural connectivity (Campbell andthe CNS midline (Kidd et al., 1999). Overexpression of
Holt, 2001; Hu et al., 1997; Oh et al., 1994). This work isDNedd4 alongside one copy of comm produces a phe-
a clear demonstration that the ubiquitination systemnotype similar to that seen when greater levels of comm
directly regulates the activity of an axon guidance mole-are overexpressed. The presence of additional DNedd4
cule expressed during axon extension in vivo. In addi-makes the overexpressed Comm more effective at
tion, Comm has been demonstrated to play a role indownregulating Robo activity, suggesting it does indeed
synapse development where Comm endocytosis is pro-act with Comm to regulate Robo levels in the embryo.
posed to remodel the postsynaptic cell surface to allowThis is supported by the observation that the overex-
initiation of synaptogenesis. Other E3 ubiquitin ligasespression of a catalytically inactive form of DNedd4 par-
such as Highwire (DiAntonio et al., 2001; Wan et al.,tially suppresses the ability of overexpressed comm to
2000) have also been identified with an important rolecause a robo phenocopy. Thus, one activity of DNedd4
in regulating synapse size. Furthermore, E3 ubiquitinin Drosophila is to function with Comm to regulate Robo
ligases play a key role in the postembryonic nervousprotein levels. Extrapolating from our S2 cell observa-
system. Several neural disorders (e.g., Parkinson’s Dis-tions, we assume that a similar process is taking place
ease and Angelman Syndrome) are the result of inappro-in the embryo whereby Comm acts with DNedd4 to
priate levels of ubiquitin ligase activity (Fang et al., 1999;internalize Robo into the cell. This suggests that nor-
Shimura et al., 2000). There is clearly much more tomally Comm and DNedd4 function together in commis-
be discovered regarding how the ubiquitin system issural neurons to reduce Robo activity and allow axons
utilized to regulate neuronal proteins during develop-to cross the midline. Comm accumulates within commis-
ment and disease.sural axons, and recent experiments have revealed that
comm is expressed within these axons with Comm pro-
Experimental Procedurestein only reaching high levels at the midline (Georgiou
and Tear, 2002).
Genetics
Transgenic lines of UAS-CommPSY-myc, UAS-Comm2PY-myc,
Reduction of DNedd4 Levels in the Embryo Affects UAS-Nedd4-myc, and UAS-Nedd4(C→A)-myc were created. The
Axon Guidance following stocks were also used: comm1/TM3, UAS-Comm, UAS-
CommC (Wolf et al., 1998), elavGal4, and slit1robo5/CyoWggal;Nedd4 family proteins regulate the internalization of a
elavGal4.number of cell surface proteins. Nedd4 regulates levels
of the epithelial Na channel, while the yeast homolog
Plasmid ConstructionRsp5 catalyzes the internalization of a number of mem-
Constructs were PCR-amplified and cloned in-frame into one of thebrane transporters. Although Nedd4 was identified in a
following vectors: pGBT9 (Clontech), pGAD424 (Clontech), pGEXscreen for transcripts expressed in the mouse nervous
(Pharmacia), pALTER-Ex1 (Promega), pRmHa3, and pCDNA3 (In-
system during embryonic development (Kumar et al., vitrogen). All were fully sequenced prior to their use. Details of prim-
1992), no targets for this molecule during neural devel- ers are available on request.
opment have yet been identified. DNedd4 can regulate
Comm and consequently, Robo. Yet, removal of DNedd4 Yeast Two-Hybrid Screen
The CommIC-GAL4 DNA binding domain bait was used to screenfunction in the embryo does not give rise to the same
a library of 0–4 hr random-primed Drosophila embryonic cDNAsphenotype as a loss of comm. If DNedd4 was acting
fused to the VP16 activation domain in yeast plasmid 2 (gift ofpurely within the Comm pathway to regulate Robo pro-
S. Parkhurst) in S. cerevisiae HF7C. Procedures for yeast culture,tein levels, then one might expect that a loss of DNedd4
transformation, positive clone identification, plasmid rescue, and
function would give rise to a comm-like phenotype as galactosidase assays were according to manufacturer’s proto-
Robo protein levels may stay high. However, inhibition cols (Clontech). S. cerevisiae SFY526 was used to test specific
protein-protein interactions.of DNedd4 could result in the stabilization of Comm
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cDNA Library Screens and RNAi experiments were compared using the Mann-Whitney
Test.cDNAs covering the complete open reading frame of DNedd4 were
obtained using a random-primed 32P-probe synthesized from clone
5.10.1 and oligo(dT)-primed embryonic cDNA libraries (gifts of N. Acknowledgments
Brown, C. Kopczynski, and G. Rubin).
We thank Susan Parkhurst for the gift of the Drosophila yeast two-
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Glutathione-S-transferase (GST) fusion proteins were generated us-
Wingate, Roger Morris, and Andrew Lumsden for critical reading
ing the pGEX vectors (Amersham-Pharmacia). For the affinity chro-
of the manuscript. A.M. was supported by an MRC postdoctoral
matography assay, 35S-labeled CommIC was synthesized from
fellowship, V.M. and L.F were supported by funding from the
pALTER-Ex1-commIC using the TNT Coupled Reticulocyte Lysate
BBSRC, and G.T. was supported by an MRC (nonclinical) Senior
System (Promega), and the assay was essentially as described in
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(Shen et al., 1997). Bound proteins were eluted by boiling in SDS
MRC/CIHR.
loading buffer or by incubation at room temperature with reduced
glutathione. For the GST-pulldowns, 293T cells were transfected
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